Note: Elements in bold were detected by wavelength dispersive spectrometer mapping. CA-California; AK-Alaska; MT-Montana; NV-Nevada; CO-Colorado; SEDEX-sedimentary exhalative.
INTRODUCTION
Circulation of hydrothermal fl uids in the Earth's crust plays a critical role in heat and mass transfer in volcanic, plutonic, metamorphic, and diagenetic environments. Quartz is ubiquitous in these environments, precipitating from fl uids of widely varying compositions at temperatures from 50 to 750 °C. Unlike most hydrothermal minerals that undergo retrograde reactions that obscure their physical and chemical history, quartz is chemically simple and rela tively unreactive, and is thus likely to preserve its geologic history. Even so, few studies exist that use quartz trace element concentrations to infer geochemical histories of hydrothermal systems (e.g., Monecke et al., 2002) .
Scanning electron microscope-cathodoluminescence (SEM-CL) textures of quartz reveal otherwise unobservable textures that can be used to determine the relative timing of multiple generations of quartz and coexisting vein minerals or fl uid inclusion populations (Allan and Yardley, 2007; Redmond et al., 2004; Rusk and Reed, 2002; Wilkinson et al., 1999) . Although quartz CL is commonly applied to decipher complex histories of vein formation, the causes of quartz cathodoluminescence remain poorly understood (Götze et al., 2001; Pagel et al., 2000) . The causes of variations in trace element concentrations in quartz are also poorly understood, despite the insights they may yield into fl uctuations in fl uid pressure, temperature, composition, pH, or redox conditions.
In this study we mapped trace element distribution in quartz with the electron microprobe ( Fig. 1) . Unlike bulk inductively coupled plasma-mass spectrometer (ICP-MS) analyses (Götze et al., 2005; Monecke et al., 2002) or laser ablation ICP-MS spot analyses (Allan and Yardley, 2007; Rusk et al., 2006; Landtwing and Pettke, 2005) , microprobe maps show trace element distribution at a resolution comparable to CL imaging, and illustrate relations between CL intensity and trace element distribution that are diffi cult to show. The results yield insights into the relations between quartz trace elements and cathodoluminescence and into the physio-chemical conditions of hydrothermal quartz precipitation.
TRACE ELEMENT CONCENTRATIONS IN QUARTZ
We used the electron microprobe to map trace elements in quartz from 12 ore deposits that formed between ~100 and 750 °C (see Fig DR1 in microprobe spot analyses. Elements analyzed include Al and Ti in all samples, and Fe, Ca, K, Ge, or Mg in some samples. Aluminum was present in suffi cient quantities to map variations in all samples. Calcium, K, Fe, and Ti variations were apparent in some samples, but Mg and Ge were not detected in any sample (Table 1) . With dwell times of 10 min on peak and 5 min on both high and low background, calculated detection limits on spot analyses are Ti (10 ppm), Al (4 ppm), K (7 ppm), Ca (18 ppm), Fe, (70 ppm), Ge (40 ppm), and Mg (30 ppm) (appendix).
Low-Temperature Quartz
We mapped low-temperature quartz from Mississippi Valley type (Magmont Mine, Missouri, Viburnum Trend), Carlin (Jerritt Canyon, Nevada), epithermal (Butte Main Stage, Montana; McLaughlin, California; Comstock Lode, Nevada; and Creede, Colorado), and shale-hosted Zn (Red Dog, Alaska) deposits. Quartz from these deposits precipitated from hydrothermal fl uids between ~100 and ~350 °C (Table 1) .
In quartz from these deposits, variations in Al concentrations were observed in all samples and variations in Ca, K, and Fe were observed in several. Ti, Ge, and Mg were below detection in all low-temperature quartz (Table 1) . Aluminum concentrations in most low-temperature quartz veins are bimodal. Low-Al quartz contains <4 to ~50 ppm Al and high-Al quartz contains ~2000 to ~4000 ppm Al (Fig. 2) . In low-Al quartz, we detected no other elements, but in high-Al quartz, Ca ranges from <18 and ~300 ppm and K ranges from <7 to ~500 ppm, probably refl ecting the incorporation of K and Ca to charge balance Al, which substitutes for Si. Mississippi Valley type quartz displays bimodal Al concentrations of <100 ppm and ~1000 ppm and Fe is anticorrelated with Al. Growth zones in Comstock Lode quartz contain between ~50 and ~4000 ppm Al and concentrations are not bimodal (Fig. 2) .
High-Temperature Quartz
High-temperature quartz samples are from quartz-dominated veins with potassic alteration from the porphyry-Cu (Mo-Au) deposits in Butte, Montana; Grasberg, Papua New Guinea; Los Pelambres, El Salvador; and El Teniente, Chile. Veins with potassic alteration from porphyry-type deposits usually form in the range of 500 to ~750 °C (Seedorff et al., 2005) , but most such veins are overprinted by cooler mineralization that may precipitate quartz at temperatures of 400 °C or less. In porphyry-Cu quartz, Al and Ti are observed in all samples and K is observed in all samples where it was mapped. Magnesium and Ca are below detection in the single sample where they were analyzed (Table 1) . Aluminum and K positively correlate well with one another, but they do not always correlate with Ti. In most high-temperature quartz, Al concentrations are between ~80 and 400 ppm (Fig. 2) , K concentrations range between <7 and ~50 ppm, and with few exceptions, Ti concentrations range from <10 to ~170 ppm. Some growth zones in Grasberg quartz have exceptionally high concentrations of Ti (467 ppm), Al (1200 ppm), and K (800 ppm) (Fig. 2) .
CORRELATION BETWEEN TRACE ELEMENTS AND CL INTENSITY
Relationships between quartz CL intensity and trace element concentrations are complex. Among all samples, CL intensity variations do not consistently correspond to variations in any single element but almost always correlate with variations in some trace element. Because only structurally bound trace elements affect CL intensity, the close correlation between CL intensity variations and trace element variations suggests that in nearly all cases the trace elements measured are structurally bound within quartz rather than existing in mineral or fl uid inclusions. If the elements were concentrated in mineral or fl uid inclusions, then we would expect the maps to show bright regions where inclusions exist and darker areas where no inclusions exist.
Aluminum and Ti most commonly correlate with CL intensity, and Ca, K, and Fe correlate with CL in some samples; but variations in Ca, K, and Fe are always accompanied by variations in Al and/or Ti. In high-temperature quartz, no variation in Ti concentration exists that is not accompanied by a variation in CL intensity, and conversely, no variation in CL intensity exists that is not accompanied by a variation in Ti. This suggests that Ti is the High-temperature deposits Low-temperature deposits predominant CL activator in quartz from porphyry deposits. In low-temperature quartz, CL intensity variations occur where Ti concentrations are below detection, indicating that other elements or defects affect CL intensity. In most high-temperature quartz, Al correlates positively with CL intensity, but in most low-temperature quartz, Al and CL intensity are inversely correlated (Red Dog, Jerritt Canyon, some Butte Main Stage, McLaughlin, Creede) (Fig. 3) . Even so, in a few low-temperature samples from Magmont, Comstock Lode, and Butte Main Stage, the correlation is positive. In quartz from McLaughlin and Creede, a few growth bands with contrasting CL intensity are accompanied by no detectable change in trace elements analyzed. Sector zoning is common in quartz from low-temperature deposits. Where sector zoning exists, Al concentrations vary slightly, which suggests differential partitioning of trace elements among crystal faces.
INSIGHTS INTO PHYSICAL AND CHEMICAL CONDITIONS OF QUARTZ PRECIPITATION
Quartz CL textures, intensities, and trace element compositions are constant over many kilometers in some ore deposits (Rusk et al., 2006; Redmond et al., 2004; Lubben, 2004) , indicating that these variables refl ect largescale physio-chemical conditions as opposed to local and highly variable fl uctuations. Understanding the controls on trace element incorporation into quartz therefore yields insights into the physical and chemical evolution of hydrothermal systems.
Titanium in Quartz
Experiments conducted at temperatures >600 °C show that quartz Ti concentration is a function of temperature (TitaniQ geothermometer; Wark and Watson, 2006) . Rusk et al. (2006) and Wark and Watson (2006) showed that the TitaniQ geothermometer yields temperatures similar to and slightly higher than independently estimated temperatures of vein formation at Butte; however, the broad applicability of the geothermometer to hydrothermal quartz has not been tested. If the geothermometer is applicable to hydrothermal quartz, then the positive correlation between CL intensity and Ti concentration observed in all porphyry-type deposits analyzed in this study suggests that in rutile-bearing vein quartz, CL intensity provides a proxy for temperature of quartz precipitation.
Ti concentrations in complexly zoned multigenerational rutile-bearing quartz in veins from Butte, Los Pelambres, El Teniente, and El Salvador range between 11 and 91 ppm, <10 and 84 ppm, <10 and 132 ppm (with the exception of one spot), and <10 and 169 ppm (with the exception of two spots), corresponding to temperatures between 540 and 737 °C, <530 and 726 °C, <530 and 780 °C and <530 and 815 °C, respectively. The vast majority of temperatures are within the range typically inferred for the formation of porphyry copper deposits; only 14 of 140 points in rutile-bearing quartz indicate temperatures >750 °C.
In contrast, Ti in rutile-free quartz from the Grasberg porphyry copper deposit ranges from 15 to 467 ppm among growth zones (Fig. 4) in a single quartz crystal yielding calculated temperatures between 559 and 970 °C. Such wide temperature fl uctuations are unlikely during the formation of a single crystal because the thermal mass of the wall rock would dampen temperature changes and quartz would dissolve upon temperature increase. The exceptionally high Ti concentration and wide fl uctuations in this example, which lacks a Ti-bearing mineral, illustrate apparent nonequilibrium incorporation of Ti into quartz such that Ti concentration does not refl ect temperature of quartz precipitation.
The close agreement between temperatures predicted from Ti concentrations in quartz from porphyry-type deposits and the known temperature of formation of these deposits suggests that in the presence of rutile, the Ti in a quartz geothermometer may be broadly applicable to hydrothermal quartz; however, further testing and comparison with other established geothermometers are needed to be conclusive. In any case, <10 ppm Ti in quartz from deposits formed at <350 °C, and >10 ppm Ti in quartz formed at temperatures >400 °C is consistent with the conclusion that Ti concentrations broadly refl ect temperature of quartz precipitation.
Aluminum in Quartz
Aluminum concentrations consistently in the range of thousands of parts per million were recognized in all quartz formed at temperatures <~350 °C, and rarely in quartz that formed at >~400 °C. If variations in Al refl ect equilibrium partitioning of Al into quartz crystals, then in the presence of an Al silicate, Al concentrations in quartz would vary with temperature, yielding a useful geothermometer. Sharp contrasts in Al concentration from zone to zone in single quartz grains, where no evidence for a temperature change exists, suggest that Al zoning in quartz does not result from temperature fl uctuations. It is possible that Al variations in quartz result from changes in growth rate; however, in most samples, even where Al concentrations change by two orders of magnitude, no change in quartz morphology is observed, suggesting that little fl uctuation in crystal growth rate occurred.
Although Al concentration in hydrothermal quartz does not refl ect temperature of quartz precipitation, it may refl ect the aqueous Al concentration, which is strongly dependent on pH. We modeled the equilibrium dependence of aqueous Al concentration on pH and assemblage of Al minerals by titrating granite into an acidic magmatic fl uid using the program CHILLER (Reed, 1998) . In this calculation, pH and mineral assemblage vary depending on the water/rock ratio. At 200 °C, Al solubility in hydro thermal fl uids is six orders of magnitude higher at a pH of 1.5, where kaolinite is the only Al-bearing mineral, than at a pH of 3.5 in the presence of muscovite (Fig. 5) . At higher temperatures, typical of porphyry copper deposits, Al solubility and pH are intermediate and vary only slightly regardless of equilibrating mineral assemblage (Fig. 5 ). This dependence of Al solubility on pH and mineral buffers explains the bimodal distribution of Al concentration in low-temperature quartz as well as the intermediate Al concentrations in high-temperature quartz.
Quartz Al concentrations >2000 ppm were measured in growth zones from McLaughlin, Butte Main Stage, Creede, Comstock Lode, and Jerritt Canyon, all of which contain alteration kaolinite, indicating acidic pHs in at least some stages of ore formation. Based on the six order of magnitude increase in Al solubility at low pH relative to neutral, we hypothesize that quartz in these deposits is enriched in Al because it precipitated from Al-rich acidic fl uids. The sharp contrasts in Al concentrations from early Al-rich quartz to late Al-depleted quartz at Jerritt Canyon and McLaughlin refl ect neutralization of an acidic fl uid. At Butte and the Comstock Lode, growth bands of alternating Al concentrations may suggest fl uids alternating between neutral and acidic (Fig. 1) .
The agreement between relative Al solubility and Al concentrations in quartz suggests that Al concentrations in quartz refl ect nonequilibrium incorporation of Al into quartz precipitating from a fl uid where the mineral assemblage controls the aqueous Al concentration. Because neutralization of an acidic hydrothermal fl uid is a common cause of metal sulfi de precipitation, Al concentrations in quartz may fi ngerprint processes leading to ore precipitation.
CONCLUSIONS
High-resolution electron microprobe maps of quartz trace element distribution show that most fl uctuations in CL intensity correspond to fl uctuations in Ti or Al. No single element consistently correlates with CL intensity in all deposits, but Ti always correlates with CL intensity in porphyrytype deposits, and Al commonly correlates with CL fl uctuations in low-temperature deposits. Low-temperature quartz is characterized by bimodal Al, whereas high-temperature quartz has moderate Al concentrations. Aluminum concentrations in quartz refl ect the solubility of Al in hydrothermal fl uids, which is strongly controlled by pH. Aluminum concentrations in quartz may therefore be a monitor of fl uid pH fl uctuations, especially in low-temperature quartz.
Titanium is below detection in lowtemperature quartz, but is present in all fi ve analyzed porphyry-type deposits, where it correlates with CL intensity. If Ti also correlates with temperature of quartz precipitation in the presence of rutile, then CL intensity in rutile-bearing quartz can be used as a proxy for temperature of quartz precipitation in porphyry-type deposits. Water/rock ratio 10 1 0.1
